The clinical manifestations of idiopathic interstitial pneumonia are often subtle and nonspecific. Classification and diagnosis of idiopathic interstitial pneumonia is complicated by overlapping histological abnormalities consisting of variable amounts of inflammation, accumulation of intra-alveolar macrophages, and fibrosis. Only recently has a multidisciplinary consensus classification of idiopathic interstitial pneumonia been published in an attempt to standardize the classification and diagnostic criteria for idiopathic interstitial pneumonia. 1 The latest classification of idiopathic interstitial pneumonia contains seven entities including usual interstitial pneumonia (idiopathic pulmonary fibrosis) and nonspecific interstitial pneumonia. 1 Several familial cases of usual interstitial pneumonia have been known since the 1950s. [2] [3] [4] [5] [6] [7] [8] Two separate families with usual interstitial pneumonia have been previously reported 2,4 from our hospital. These studies included multiple affected individuals over several generations. The authors proposed a genetic basis to familial usual interstitial pneumonia and speculated that this condition was transmitted in an autosomal dominant manner with reduced penetrance.
Recently, mutations in the gene encoding surfactant protein C have been identified in familial as well as in sporadic cases. [9] [10] [11] Surfactant protein C is a hydrophobic surfactant protein synthesized in type II pneumocytes and plays a role in maintaining surface tension. 12 It is translated as a large precursor polypeptide and sequentially processed to a mature surfactant protein C protein, which is stored in lamellar bodies and secreted into the alveolar space.
Two children, descendants from one of the original families reported previously, 4 were admitted to our hospital with persistent respiratory symptoms. Herein, we have investigated a possible relationship between a mutation in the surfactant protein C gene and the histopathology of lung biopsies obtained from these children. Our findings suggest a possible increased risk of interstitial lung disease in patients with a putative surfactant protein-C mutation.
Materials and methods

Family Information
Three individuals (V:3, V:4, and III:10) from Family Group 2 reported by Donohue et al 4 came to our attention when they were admitted for respiratory problems ( Figure 1 ). Additional symptomatic family members were identified by history. Lung tissue was available from four individuals. Clinical and pathological information on other family members was previously published elsewhere. 4, 11 Hematoxylin and eosin-stained slides were available for five cases and formalin-fixed/paraffin-embedded tissue blocks were available for four cases. Trichrome and fungal stains were available for all five cases. All cases were reviewed by pulmonary pathologists from other institutes. Ethics approval was obtained from the University of Saskatchewan Ethics Committee.
Isolation of DNA
Approximately 40 10-mm thick sections were cut from formalin-fixed/paraffin embedded lung tissue. DNA was isolated using the QIAGEN DNA Minikit according to the manufacturer's instructions (QIA-GEN Inc., Mississauga, Ontario, Canada), quantitated by UV spectrophotometry, and stored at À201C for further use.
Polymerase Chain Reaction and Sequencing
Based on the published surfactant protein C gene sequence by Glasser et al, 13 primer pairs were synthesized to amplify overlapping DNA fragments of the gene as outlined in Figure 2 and Table 1 . Polymerase chain reaction (PCR) reactions with each of the six primer pairs were assembled in 50 ml reaction volumes containing 200 ng of DNA, 1.25 mM dNTPs, 1.5 mM MgCl 2 , Platinum Taq PCR buffer, 0.2 U of Platinum Taq polymerase (GibcoBRL Burlington, Ontario, Canada), and 5 pmol each of sense and antisense primers. Using a Perkin-Elmer Cetus Thermal Cycler, the reactions were denatu- Surfactant protein C and interstitial pneumonia R Chibbar et al rated at 951C for 5 min and subjected to 35 cycles of denaturation (45 s at 941C), annealing (30 s at 651C), and extension (45 s at 721C) followed by a final incubation for 10 min at 721C. The reaction products underwent 1.5% agarose gel electrophoresis and amplified PCR products were excised, purified using the QIAquick Gel Extraction Kit (QIAGEN), precipitated, washed twice with 80% ethanol, resuspended in H 2 O, and quantitated. DNA sequencing of the purified fragments was performed using primers described in Figure 1 and the dye terminator cycle sequencing technique followed by analysis on an ABI PRISM 377 DNA sequencer. Obtained DNA sequences were assembled and analyzed using the Lasergene software (DNAstar Inc.).
To generate the required amount of PCR product for restriction enzyme digests, hemi-nested PCR reactions were performed. An amount of 2 ml of amplicon obtained from the first round of PCR amplification with primers M and O across exon 5 was reamplified using primers N and O (Figure 2) . A 20 ml aliquot of reamplified product was digested with 15 U of BsrI using reagents and conditions supplied by the manufacturer (New England Biolabs, Mississauga, Ontario, Canada). The presence or absence of the BsrI restriction site was analyzed by 2% agarose gel electrophoresis of digested and undigested samples. DNA from healthy subjects and sporadic idiopathic pulmonary fibrosis patients were used as control.
Clinical Information
Case No. 1 V:3 ( Figure 1 ) was first admitted to our hospital at 17 months of age in March 1999 because of respiratory distress requiring oxygen and failure to thrive. There was marked clubbing of the patient's fingers and toes and she had suffered from tachypnea and intercostal indrawing since at least 1 month of age. At 14 months of age, she was hospitalized for confirmed respiratory syncytial virus pneumonia. A review of the family history revealed multiple relatives with idiopathic pulmonary fibrosis. Her clinical status did not improve. A lung biopsy performed 4 months later showed a nonspecific interstitial pneumonia-like pattern. She received very high dose (methylprednisone 15 mg/kg/day Â 3 days s monthly) of pulse steroid treatment and hydroxychloroquine for her interstitial pneumonia. There were frequent respiratory exacerbations. Since then, she has continued to be tachypneic and has persistent bilateral crackles in the absence of acute infection. Digital clubbing persists and she fails to thrive. This clinical pattern is characteristic of interstitial lung disease.
Case No. 2 V:4 ( Figure 1 ) is the younger brother of V:3. In January 2000, he was admitted to our hospital because of acute respiratory distress later found to be brought on by an influenza A infection. The chest X-ray and CT demonstrated diffuse ground glass airspace disease with evidence of alveolitis. Interstitial pneumonia was suspected and he underwent a lung biopsy, which showed a similar nonspecific interstitial pneumonia pattern as found in his sister. Concurrent evaluations for a primary or secondary immunodeficiency, hypersensitivity pneumonia, and other causes of secondary interstitial pneumonia were negative. Similar to his sister, he required treatment with very high doses of pulse steroid and hydroxychloroquine. He has had persistent failure to thrive requiring insertion of a gastrotomy-tube, ongoing tachypnea, persistent bilateral crackles in the absence of acute infection and digital clubbing. This clinical pattern is also characteristic of interstitial lung disease. Table 1 . Table 1 Primers sequences used for analysis of surfactant protein Figure 1 ) was reported as case 2 in Family Group 2 in the publication by Donohue et al. 6 She presented in 1952 at an age of 6 months because of failure to thrive, feeding difficulties, and coughing. She progressively became more dyspneic and cyanotic and eventually succumbed at an age of 18 months after 1 year of continuous hospitalization.
Case No. 4 III:10 ( Figure 1 ) is a great uncle to cases 1 and 2 and a first cousin to case 5. He first presented to our hospital in 1999 and became symptomatic in 1994 with progressive exertional dyspnea, hypoxemia at rest, and obvious clubbing of his fingers. A chest Xray revealed preserved lung volumes, diffuse fine reticulations bilaterally, and cystic lesions. The CT scan identified numerous cystic lesions of varying sizes in both lungs. Most of the normal lung parenchyma was replaced, but there were several patches of normal appearing lung tissue. Pulmonary function tests demonstrated normal lung volumes with a severely reduced diffusion capacity (18% of predicted) indicative of a restrictive lung pattern. He declined a lung biopsy. The patient underwent a double lung transplant in November 2000. Histological analysis of the explanted lung tissue showed usual interstitial pneumonia-like patterns with extensive fibrosis, numerous cystic areas (honeycomb change), intervening normal lung parenchyma, and fibroblastic foci.
Case No. 5 III:13 ( Figure 1 ) was a sibling to case 3. Clinical information was obtained from family interviews and a previous publication. 13 He first presented in 1989 with dyspnea, cough, and clubbing. The patient had an open lung biopsy, which showed usual interstitial pneumonia. The disease progressed and he required a double lung transplant, but he eventually died in 2000.
Results
The clinical findings of the 11 known affected family members are summarized in Table 2 . In adults, the average age of diagnosis was 31 years (range 17-57 years) and the most common presenting complaints were cough and dyspnea. The three children presented at an average age of 9 months (range 4-17 months). Two of the children presented with viral pneumonia before being diagnosed and all three children presented with failure to thrive and dyspnea. Clubbing of the fingers was reported in six of the adults and two of the three children. The adults survived an average of 18 years (range 5-46 years) after the diagnosis was initially made. Two of the children are still symptomatic, whereas one child died 12 months after the initial diagnosis. The clinical variability seen here in this family is characteristic of an autosomal dominant disorder with variable expression. There was no obvious sex predilection with the six males and five female members affected.
The histopathological findings from the open lung biopsies obtained from the three children ( Figure  3a -c) were identical and showed features of nonspecific interstitial pneumonia characterized by homogeneous interstitial pneumonia with variable number of alveolar macrophages and type II pneumocyte hyperplasia. The alveolar septae were widened by a combination of inflammatory cells and plump to oval spindle-shaped cells. The inflammatory infiltrate was predominantly composed of lymphocytes, scattered plasma cells, and rare neutrophils and eosinophils. Trichrome stain revealed the presence of collagen within the septae. No fibroblastic foci, accumulation of granular amorphous eosinophilic material resembling exudate as seen in pulmonary alveolar proteinosis, and fungal organisms were identified.
The two adult patients studied had both received lung transplants. In one case, no biopsy of the lung tissue was performed prior to the transplant, whereas the second patient had a biopsy, approximately 3 years before transplant. Sections from the three available specimens showed an usual interstitial pneumonia-like pattern with extensive fibrosis (Figure 4a-c) . The degree of fibrosis was relatively less in the biopsy specimen prior to transplantation. Most of the explanted lung sections showed end-stage pulmonary fibrosis with honeycomb changes. These regions showed extensive fibrosis, marked smooth muscle hyperplasia, chronic inflammation, dilated air spaces, airways with focal mucin plugging, and carbon pigment deposition. There were scattered fibroblastic foci characterized by small interstitial aggregates of spindle-shaped fibroblasts and myofibroblasts within myxoid stroma. Some of the alveoli showed type II pneumocyte hyperplasia and focal distention of alveolar spaces by alveolar macrophages. Focal intervening regions of relatively normal lung parenchyma were present. The pathology findings were similar to those of previously published adult cases who were diagnosed with usual interstitial pneumonia. 
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To study if the nonspecific interstitial pneumonia and usual interstitial pneumonia pattern diagnosed in the family cases was associated with mutation(s) within the surfactant protein C gene, genomic DNA was isolated from paraffin blocks of cases followed by DNA sequencing of the surfactant protein C gene. Alignment of the surfactant protein C sequences obtained from cases V:3, V:4, III:10, and III:13 and sporadic idiopathic pulmonary fibrosis control revealed one nucleotide difference. All cases showed a T/A double peak in the DNA trace at one position within exon 5, whereas the control sequences showed only a T peak corresponding to the published sequence ( Figure 5) . 13 The analysis of the cases suggested heterozygosity at this position of the surfactant protein C gene, which was confirmed by sequencing the opposite strand. The T to A change on one allele of the cases resulted in a glutamine instead of a highly conserved leucine residue at amino acid 188 of the encoded surfactant protein C proprotein. This mutation was identical to the mutation previously identified in other individuals from this kindred. 11 Further DNA sequence analysis of exon 5 from the seven patients with sporadic interstitial pulmonary fibrosis, four members of familial idiopathic pulmonary fibrosis from another kindred, and two healthy individuals did not reveal any heterozygosity at codon encoding Leu 188 . The mutation at codon 188 in the studied family corresponded to a recognition site for endonuclease BsrI within the coding sequence. To confirm the presence of a BsrI restriction site on one allele of exon 5 in patients carrying the surfactant protein C gene mutation, PCR amplified fragments of this region were restricted with BsrI. This analysis showed a partial restriction of the exon 5 PCR fragment from all cases but no digest was obtained from fragments amplified from sporadic idiopathic pulmonary fibrosis used as a control. Thus, the analysis confirmed the presence of a heterozygous mutation at codon 188 as suggested by the DNA sequence analysis (Figure 6 ).
Discussion and conclusion
In this report, we have demonstrated a recurrent mutation in exon 5 of the surfactant protein C gene in four affected family members from one kindred with apparent autosomal dominant usual interstitial pneumonia. Some individuals from this family presented in childhood with respiratory symptoms, whereas others became clinically symptomatic only as adults. The histological findings in the specimens obtained from individuals within these two groups were quite different. All individuals with childhood onset showed histopathological features of nonspecific interstitial pneumonia, whereas tissue specimens from the adults were diagnosed as usual interstitial pneumonia. Similarly, Mak et al 6 has described a family where an infant had nonspecific interstitial pneumonia-like features and an uncle presented with idiopathic pulmonary fibrosis at the age of 42 years. In the case reported by Nogee et al, 9 the lung biopsy of an infant daughter of a woman diagnosed with desquamative interstitial pneumo- nia at the age of 1 year showed features of cellular nonspecific interstitial pneumonia. The mother died shortly after the birth of her daughter at age 15 years and the autopsied lung showed a usual interstitial pneumonia-like pattern. Interestingly, further studies demonstrated a heterozygous mutation within the gene encoding surfactant protein C in both mother and infant, which abolished a donor splice site resulting in alternate messenger RNA splicing. 9 This mutation appears to alter the carboxy-terminal (C-terminal) region of the pro-surfactant protein C, which remains unprocessed and accumulates in the type II pneumocytes.
Our study shows that both children and adults with nonspecific interstitial pneumonia and usual interstitial pneumonia patterns, respectively, carry a common mutation within the surfactant protein C gene similar to the mutation reported by Thomas et al. 11 The heterozygous mutation in our kindred alters the C-terminus of the unprocessed polypeptide. This region of pro-surfactant protein C appears to be important in processing and maturation of prosurfactant protein C in pneumocytes. 11, [14] [15] [16] [17] Furthermore, Keller et al 18 has demonstrated that absence of the 22 C-terminal amino acids interfered with the processing of pro-surfactant protein C and resulted in cytoplasmic accumulation of protein. Recently, many autosomal dominant diseases caused by alterations in protein folding and transport result in defective targeting of both the mutant protein and coexpressed native forms have been characterized. [19] [20] [21] Analogous to hepatocyte injury in a-1 antitrypsin deficiency, [22] [23] [24] defective processing and accumulation of unprocessed pro-surfactant protein C in type II pneumocytes may cause cell injury and death followed by formation of reactive fibroblastic foci, a hallmark of usual interstitial pneumonia. 25 Abnormal accumulation of pro-surfactant protein C in type II pneumocytes may be a stimulus producing repeated episodes of epithelial injury in the absence of ongoing inflammation and sufficient to stimulate the development of fibrosis. The key histologic appearance of usual interstitial pneumonia includes a temporal heterogeneous pattern comprising of patchy scarring of lung parenchyma with intervening normal alveoli. The lesions appear to be of different ages with a mixture of active inflammation and fibroblastic foci believed to reflect ongoing injury and established fibrosis thought to reflect older injury and repair. The active sites of fibrosis (fibroblastic foci) are typically present at the edge of the dense scars. 26, 27 Nonspecific interstitial pneumonia and usual interstitial pneumonia are thought to be distinct histological findings and not known to be related. Nonspecific interstitial pneumonia is currently the most important lesion in the differential diagnosis of usual interstitial pneumonia. 1, 28 Nonspecific interstitial pneumonia differs from usual interstitial pneumonia in having a distinct pattern of interstitial pneumonia characterized by chronic interstitial inflammation and fibrosis that appear temporally uniform suggesting that inflammation and fibrosis are of a similar age. recently showed that both patterns of interstitial lung diseases may be seen in some patients and suggested that these two patterns may be due to different severity of same injury or due to different injuries. Slowly resolving acute lung injury has been associated with nonspecific interstitial pneumonia. 28, 32 It is known that injury to type II pneumocytes is associated with increased production of lamellar bodies and surfactant. 12 This may lead to increased accumulation of unprocessed pro-surfactant protein C in type II epithelial cells in patients with mutation in surfactant protein C, and therefore resulting in diffuse cell injury producing a nonspecific interstitial pneumonia-like pattern as noted in our patients. The lung biopsy for two children at our hospital was performed at least 4 months after viral infection and both the children, 4 years after the lung biopsy, continue to have signs and symptoms of interstitial lung disease. The only other report that described nonspecific interstitial pneumonia in the child and usual interstitial pneumonia in related adult was by Mak et al. 6 Since our patients had viral disease and the infant described by Mak et al 6 had Pneumocystis carinii pneumonia, it appears that respiratory infection may be a possible trigger for early presentation of interstitial lung disease.
The full implications of a surfactant protein C gene mutation and its relation to the development of idiopathic interstitial pneumonia remain to be Figure 6 Restriction analysis of amplified exon 5 sequences of the surfactant protein C gene from affected family members and control. Cases analyzed corresponds to pedigree symbols in Figure 1 and control sample was from a patient with sporadic interstitial pulmonary fibrosis. Undigested samples were analyzed in lanes 1, 3, 5, 7, and 9 and digested samples were run on lanes 2, 4, 6, 8, and 10. The presence of a BsrI site caused by T to A transversion at codon 188 generated two bands (204, 142 bp), whereas the normal allele lacking the BsrI restriction site remained undigested (346 bp).
determined. It is not clear whether the associated interstitial lung injury is secondary to deficiency of functional surfactant C, accumulation of pro-surfactant protein C that per se could be pneumotoxic, or other mechanisms. Whatever the mechanism of lung injury may be, our and previous reports indicate that surfactant protein C mutations in carboxy terminus are associated with both, nonspecific interstitial pneumonia and usual interstitial pneumonia.
